The recently developed DJ-1 knockout (KO) rat models the DJ-1 (or PARK7) loss-of-function mutation responsible for one form of early-onset familial Parkinson's disease (PD). Prior studies demonstrate that DJ-1 KO rats present progressive dopamine (DA) cell body degeneration in the substantia nigra pars compacta between 4-8 months of age. Furthermore, as some motor deficits emerge before the significant loss of DA cells, this mutation may yield a period of DA neuron dysfunction preceding cell death that may also contribute to cognitive impairments in early PD. However, cognitive functions subserved by corticostriatal circuitry, as well as additional alterations to the neurochemistry of monoamine systems, are largely uncharacterized in the DJ-1 KO rat. We therefore assessed a variety of striatally-mediated behavioral tasks, as well as the integrity of dopamine and serotonin systems, in male DJ-1 KO rats and wild-type (WT) controls at 4, 6, and 8 months of age. We demonstrate that DJ-1 KO rats exhibited motor impairments, but have intact goal-directed control over behavior in an appetitive instrumental learning task. Further, preprotachykinin mRNA expression, a postsynaptic indicator of DA signaling, was significantly decreased in 4-month DJ-1 KO rats, while DA transporter binding in the dorsal striatum did not differ between genotypes at any of the ages examined. Striatal tyrosine hydroxylase levels were significantly increased in 8-month DJ-1 KO rats and tended to be higher than WT at 4 and 6 months. Lastly, serotonin transporter binding was increased in the medial and orbitofrontal cortices of 4month old DJ-1 KO rats. These results suggest that the nigrostriatal dopaminergic and prefrontal serotoninergic systems are altered early in the progression of DJ-1 KO pathology, despite no overt loss of the DA innervation of the striatum, and thus may be associated with early alterations in the functions of corticostriatal systems.
Introduction
In addition, long-lasting impairments in the prefrontal serotonin system and associated cognitive and behavioral impairments are observed in PD patients (Joling et al., 2018) . Subregions of the prefrontal cortex (PFC), namely the medial and orbitofrontal cortices, contribute to different aspects of instrumental learning and behavioral control, including the acquisition of the instrumental behavior, and aspects of goal-directed and automated control over behavior (Bradfield et al., 2015; Coutureau and Killcross, 2003; Ostlund and Balleine, 2005) . Furthermore, our laboratory has demonstrated that neurotoxicity-associated damage to serotonin systems in the PFC are associated with perseverative behavior in rats (Son et al., 2013) , but the status of serotoninergic innervation of the PFC has not heretofore been examined in the DJ-1 KO rat. Therefore, in the present study we characterized the status of pre-and post-synaptic markers of dopamine and serotonin signaling in striatum and cortex via dopamine transporter (DAT; striatum) and SERT (prefrontal cortex) ligandbinding autoradiography. We also measured preprotachykinin (ppt) mRNA expression as a post-synaptic indicator of altered DA signaling in striatum (Chapman et al., 2001; Howard et al., 2013; Nisenbaum, 1994; Nisenbaum et al., 1996; Steiner and Gerfen, 1993) . Taken together, the current study further characterizes striatally-mediated motor and behavioral function in the DJ-1 KO rat, as well as associated markers of dopamine and serotonin signaling, providing a more comprehensive phenotypic characterization of this model of inherited PD.
Methods

Study Design
Rats were first tested on the balance beam, open field, and anxiety tests, at 4, 6, or 8 months of age, and then advanced to instrumental training and testing. At the end of instrumental testing, rats were sacrificed, and brain tissue was collected and processed for DAT and SERT binding, as well as ppt mRNA expression. Rats were sacrificed approximately 6 weeks after the start of motor testing and are hereafter referred to as the 4, 6, or 8month cohorts to indicate the starting age of motor and instrumental testing rather than the age at sacrifice.
Animals
Two-month old male wild-type (WT) and homozygous DJ-1 KO (LEH-Park7 tm1sage ) Long-Evans hooded rats were obtained from Horizon Discovery Laboratories (Saint Louis, MO, USA). Rats were given ad libitum access to standard chow and water except for during instrumental training and testing, wherein rats were given 10-15g chow per day to maintain 85-90% free-feeding bodyweight. Separate groups of WT and DJ-1 KO rats were aged until they were 4, 6, or 8 months of age. In total, sixty rats were tested (n = 30 WT; n = 30 DJ-1 KO), with 20 rats tested at each age (n = 10 WT; n = 10 DJ-1 KO). Animal care and experimental procedures
Striatal Neurochemistry
Tissue preparation
Rats were sacrificed four days after the final instrumental testing session, and the brains were removed and flash frozen in isopentane chilled on dry ice. Twelve-micrometer cryosections (Cambridge Instruments, Bayreuth, Germany) of the regions of interest were thaw-mounted onto SuperFrost Plus slides (VWR, Batavia, IL, USA), so that each slide contained four brain sections from the same brain region and animal. The regions of interest (ROI) (in mm relative to Bregma) (Paxinos and Watson, 2014) , were four sections of the prefrontal cortex (Bregma: +4.68 to +4.20; +3.72 to +3.24; +3.00 to +2.76; and +2.52 to +2.40) and the striatum (Bregma: +2.28 to +0.72).
Dopamine and serotonin transporter ligand-binding autoradiography
DAT and SERT levels were assessed via [I 125 ]RTI-55 binding autoradiography (Perkin Elmer, Waltham, MA, NEX272025UC, Lot FH82660) as measures of pre-synaptic dopamine and serotonin neuron integrity, respectively (Boja et al., 1992) . [I 125 ]RTI-55 labeling of DAT and SERT were conducted on striatal or prefrontal cortical tissue, respectively, as previously described. (Son et al., 2013) Briefly, slides were immersed in a buffer containing [I 125 ]RTI-55 for two hours. For specific DAT binding in striatum, fluoxetine (1:1000) was added to the buffer to block binding of the ligand to the SERT. For SERT binding in the PFC, no fluoxetine was added to the buffer. Slides were then washed in buffer, air dried, and apposed to x-ray film (Carestream Kodak BioMax MR:
Carestream Health, NY, USA). Films were developed 24 hours later.
Tyrosine hydroxylase immunohistochemistry in dorsal striatum
Tyrosine hydroxylase immunohistochemical (IHC) staining was performed on slide-mounted sections prepared as described above. Slides containing striatal sections were thawed and fixed for 10 min in 4% formaldehyde /0.9% NaCl (8% formaldehyde from EMS, Hatfield PA, . Slides were then washed, incubated in 2% H 2 O 2 for 15 min, washed again, and blocked for 2 hr in 10% normal goat serum (NGS)/0.3% Triton X-100 in PBS. Each slide was then incubated with primary mouse monoclonal antibody against TH (1:1000, triethanolamine/ 0.9%NaCl (pH 8.0), dehydrated in an ascending series of alcohols, delipidated in chloroform, and then rehydrated in a descending series of alcohols. A full-length ribonucleotide probe complementary to ppt mRNA was synthesized from cDNA using [S 35 ]-UTP and SP6 RNA polymerase. Ninety microliters of hybridization buffer with probe was applied to each slide containing four sections and covered with a glass coverslip. Slides were hybridized overnight (12-18 h) in humid chambers at 55°C. Once removed, slides were washed four times in 1x saline sodium citrate (SSC; 0.15 M NaCl/0.015 M sodium citrate, pH 7.2), and then washed in ribonuclease A (RNase A; 5 μg/ml) in buffer containing 0.5 M NaCl, 10 mM Tris (pH 8.0), and 0.25 M EDTA (pH 8.0) for 15 min at room temperature. After incubation with RNase A, slides were washed 4 x 20 min in 0.2xSSC at 60°C. Slides were rinsed quickly in deionized water and air dried before being apposed to xray film (Carestream Kodak BioMax MR: Carestream Health, NY, USA) for 7-14 days.
Image analysis
Digitized images of TH-stained slides or film autoradiograms were captured with a camera (CCD72SX; DAGE MTI, Michigan City, IN, USA) with a 55-mm lens. The light intensity setting was adjusted so that areas measured were within the determined linear parameters of the system. Lighting and camera settings were held constant during the capturing and densitometric measuring of all images.
Densitometric analysis of images was achieved with Image J software (https://imagej.nih.gov/ij/), yielding average grey values for ROIs. The densities of the DAT, TH, and ppt mRNA signals were measured in the dorsomedial striatum (DMS) and dorsolateral striatum (DLS) on each section from each animal (Bregma: +2.28 to 0.72mm; -0.24 to -0.78mm, respectively) (Paxinos and Watson, 2014) . The density of SERT binding was measured in ROIs defining anterior, inferior, and prelimbic regions of the PFC, as well as the orbitofrontal cortex (Bregma:+3.72 to +3.24mm). To correct for background labeling, the average grey value of the white matter was subtracted from the average grey value of each ROI. The mean density of each ROI was then averaged across 4 different sections on each slide (1 slide/animal) for striatal and caudal PFC sections, and each ROI in the rostral PFC was averaged across 2 sections. These individual averages were then used for group statistical analyses described below.
Statistical Analyses
All data sets were evaluated for normality of the data distribution using the Shapiro-Wilk test, homogeneity of variance (O'Brien test), and statistical outliers (Huber Robust Fit Outlier Analysis) using programs in JMP 14.2.0 (SAS Institute, Inc). For data that were not normally distributed (balance beam, percent time in dark compartment, and effects of outcome devaluation on instrumental responding), we collapsed the genotype and age into one factor and performed the van der Waerden test (JMP 14.2.0), followed by post-hoc pair-wise comparisons of WT vs DJ-1 at each age with the Wilcoxon test if the overall test was significant. Wilcoxon ranked-sum tests also were used to assess differences between responding under valued vs. devalued conditions on the instrumental tests at each age. The one exception to this approach is the learning curves on the instrumental task, wherein approximately half of the data sets (by age and day) were normally distributed, whereas the other half were not. Given the importance of assessing changes in responding over days of training and the fact that the variances across genotypes at each age were equal, we used a parametric analysis in order to be able to assess the within-subject's factor (see below).
For those data that were normally distributed, we also performed the O'Brien test for homogeneity of variance.
The assumption of homogeneity of variance was not met by the open field rearing data set and the TH IHC staining in the DMS of the 8-month cohort. In the case of the open-field rearing test, we log transformed the data to establish homogeneity of variance and then performed a parametric two-way ANOVA (genotype x age) on the transformed data. For the TH IHC staining in the DMS, we performend a Student's t-test assuming unequal variances (JMP 14.2.0) .
For all other data, parametric analyses were used. Instrumental learning data were analyzed by a two-way repeated measures ANOVA (genotype x training session) separately for the 4, 6, and 8-month cohorts. The food consumed during the free-feeding sessions also were analyzed separately for the 4, 6, and 8-month cohorts via two-way repeated measures ANOVA (genotype x food type) followed by post-hoc analysis of significant interactions as needed by paired T-tests. Tissue from the 4-and 6-month cohorts was labeled at the same time for the DAT, SERT and ppt mRNA assays, whereas the 8-month tissue was labeled separately. Therefore, the average grey values of the DAT, SERT, and ppt mRNA labeling in the 4 and 6-month cohorts were analyzed by a two-factor ANOVA for (genotype x age) for each region of interest, whereas data from the 8-month cohort was analyzed by an unpaired t-test. Post hoc analyses of significant interactions were accomplished via the Tukey test for between-subjects factors and significant interactions and via post-hoc ttests with the Bonferroni correction for the within-subjects factors. Slides from the 4-, 6-and 8-month cohorts were all processed for TH IHC in separate cohorts, and so the effect of genotype was analyzed via unpaired ttest. For all analyses, alpha was set at p≤0.05. For graphical representation of statistically significant effects from the two-factor ANOVA, a significant main effect of the factor represented in the legend is not shown on the figure itself, but rather is identified in the text of the legend. Significant interactions are represented by symbols over individual bars, based on post-hoc analysis of the interaction. The specific differences indicated by the symbols are defined in the legend for each figure.
Results
Characterization of DJ-1 KO motor coordination, exploratory behavior, and anxiety-like behavior
Ledged tapered balance beam test
The ledged tapered balance beam is a sensitive measure of motor coordination. A horizontal ledge at the base of the balance beam serves as a crutch for rats to use when a motor error is made. Without an underlying ledge, rats often shift their weight to avoid slipping and/or falling off of the beam, which can mask the observation of motor deficits (Schallert et al., 2002) . We therefore used this assay to characterize DJ-1 KO and WT forepaw and hindpaw coordination in the 4, 6, and 8-month cohorts. Figure 1A ) with the Van der Waerden test revealed an overall significant difference between the different treatment groups (ChiSquare=13.15, df=5, p=0.022). However, post-hoc analysis for differences between the genotypes at each age via the Wicoxon test found no significant differences in the number of forepaw slips between DJ-1 KO and age-matched controls at 4 months (t ratio=-0.33, df=18, p=0.75), 6 months (t ratio=0.197, df=18, p=0.85) , or 8 months (t ratio=1.73, df=18, p=0.1). Similar analysis of hindpaw slips ( Figure 1B ) also revealed an overall significant difference between the groups (ChiSquare=22.34, df=5, p=0.0005). Post-hoc analysis revealed no difference between the WT control and DJ-1 KO at the 4-month time point (t ratio=-1.10, df=18, p=0.29), but significant differences between the WT controls and the DJ-1 KO rats at the 6-month (t ratio=-3.01, df=18, p=0.0075) and 8-month (t ratio=-3.63, df=18, p=0.0019) time points. Together, these results suggest that rat hindpaw coordination is impaired from the DJ-1 KO mutation in an age-dependent manner.
Open field test of exploratory behavior
The frequency of rearing in the open field test is used to measure exploratory behavior in rodents (Seibenhener and Wooten, 2015; Sturman et al., 2018) . We therefore assessed the number of rears made by DJ-1 KO and WT rats in an open field over 10 minutes ( Figure 1C ). Statistical analysis of the log-transformed data to correct for unequal variances revealed main effects of genotype (F=25.01, df=1,54, p<0.0001) with the DJ-1 rats rearing less overall. There was no significant main effect of age (F=2.78, df=2,108, p=0.07), but there was a significant genotype x age interaction (F=4.69, df=2,108, p=0.01). Post-hoc analysis of the interaction revealed that DJ-1 KO rats in the 8-month cohort reared significantly less than did the age-matched WT controls (p<0.0001), suggesting that exploratory behavior is sensitive to the DJ-1 KO mutation in rats, particularly at older ages.
Light-dark box anxiety test
In the light-dark box anxiety test, rats are allowed to explore an arena that has both light and dark compartments. As rats naturally prefer dark environments, increased time spent in the dark compartment of the light-dark box apparatus is considered to reflect high anxiety behavior, whereas time spent in the light compartment is considered to reflect low anxiety behavior (Bourin and Hascoët, 2003) . Analysis of time spent in the dark compartment ( Figure 1D ) via the Van der Waerden test revealed that DJ-1 KO rats spent less time in the dark compartment at both the 6-month (ChiSquare=10.36, df=1, p=0.0013) and 8-month (ChiSquare=8.24, df=1, p=0.004) time points. The percent time spent in the dark compartment did not correlate with open field rearing frequency in WT (R-square: 0.083, p = 0.42) nor DJ-1 KO rats (R-square: 1.045, p = 0.34), suggesting that this measure of anxiety was not confounded by differences in exploratory activity. In sum, these results suggest that DJ-1 KO rats are less anxious than WT rats and that anxiety behavior in both genotypes is not sensitive to aging across the 6-and 8-month time points. field. There was a significant main effect of genotype, with the DJ-1 KO rats overall rearing less than the WT controls (p<0.0001). This difference was most pronounced at the 8-month time point, at which post-hoc analysis revealed a significant difference between the DJ-1 KO and the WT control (p<0.0001). Post hoc analysis also revealed that the rearing frequency in the 4-month old DJ-1 rats was significantly greater than the frequency in the 8-month old DJ-1 rats (p=0.047) (D) Light-dark box test of anxiety. Rats were placed in a novel arena with a light, exposed compartment and a dark, enclosed compartment. Time spent in each compartment was recorded and expressed as a percent of the total time. Analysis revealed that DJ-1 KO rats spent significantly less time in the dark compartment than the age-matched WT rats at both the 6-month (p=0.0013) and 8-month (p=0.004) time points. Data shown are means ± SEM, n=10/genotype and age cohort, with individual data points shown as small, gray dots. *Significantly different from respective age-matched WT control group. + Significantly different from 8-month DJ-1 rats.
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Characterization of instrumental behavior in DJ-1 KO rats
Appetitive instrumental learning is mediated by the dorsal striatum, and outcome devaluation-based testing allows the type of behavioral control to be determined (Yin and Knowlton, 2006) . Prior studies demonstrate that moderate training leads to goal-directed actions, which are sensitive to outcome devaluation, whereas extended training typically leads to the development of habitual actions, which are insensitive to outcome devaluation (Dickinson, 1985) . As automated control over behavior is impaired in PD patients (see Redgrave 2011 for review), and the transition to automated control is impaired by partial DA loss (Faure et al., 2005; Son et al., 2011) , we assessed the processes underlying appetitive instrumental behavior as a potential behavioral index of altered striatal function in DJ-1 KO rats.
To assess whether the acquisition of appetitive instrumental behavior differed between WT and DJ-1 KO rats, we analyzed total lever presses across training sessions in a two-way repeated measures ANOVA (genotype x training session; Fig 2A-C) . We found no significant main effects of genotype on the amount of lever pressing across instrumental training sessions in the 4-month ( Fig. 2A the lever pressing in the CRF, RI(15) and RI(30) training sessions was significantly different from the lever pressing in all other sessions; however, the lever pressing plateaued and remained constant across the four RI(60) sessions. We also assessed potential effects of genotype on the amount of reinforcer consumed in the 1-hour free-feeding sessions preceding instrumental testing under extinction conditions (data not shown).
There were no main effects of genotype in any age cohort for the amount of food consumed in the free-feeding instrumental test session. A similar significant interaction was observed for the amount of food consumed prior to the first test in the 8-month cohort (F=5.05, df=1,18, p=0.04). Post-hoc analyses of these interactions revealed that the WT rats ate more of the food on which they were trained relative to that on which they were not trained (4-month WT, t ratio=-1.94, df=9, p=0.04; 8-month WT, t ratio=-5.3, df=9, p=0.0002), whereas the DJ-1 KO rats in each cohort did not consume significantly different amounts of the two foods (4-month DJ-1, t J o u r n a l P r e -p r o o f Journal Pre-proof ratio=1.1, df=9, p=0.85; 8-month DJ-1, t ratio=-1.5, df=9, p=0.08). Together, these results indicate that the acquisition of appetitive instrumental learning was not different in DJ-1 KO rats, and the devaluation procedure was largely similar between the two genotypes. Following initial training on the RI schedules, both WT and DJ-1 KO rats in the 4-, 6-, and 8-month cohorts decreased pressing on the test lever when the outcome had been devalued by satiety ( Fig. 3A Figure 3D-F) . That is, rats continued to press significantly less for the devalued outcome in the 4month ( Figure 3D , Wilcoxon Signed Rank test statistic=-75.50, p=0.0039), 6-month ( Figure 3E , Wilcoxon
Signed Rank test statistic=-104.0, p<0.0001) and 8-month ( Figure 3F , Wilcoxon Signed Rank test statistic=-99.0, p<0.0001) month cohorts. As for the first test, there were no differences in lever pressing between the WT and DJ-1 KO rats under either the valued or devalued conditions in the 4-month cohort (valued test, Control over instrumental lever-press behavior was assessed under extinction conditions in DJ-1 KO (n=10/cohort) and Long-Evans WT (n=10/cohort) rats in the 4, 6, and 8-month cohorts under conditions in which the outcome had been devalued or not ("valued") through sensory-specific satiety of the outcome. Data shown are the average number of lever presses (means ± SEM) in the 10-minute test session, under either valued or devalued conditions, corrected by the previous day's total lever presses during training (last RI (60)).
In test one (A-C), WT and DJ-1 KO rats displayed goal-directed behavior, as evidenced by the significantly lower number of lever presses under outcome-devalued conditions (A, 4-month cohort (p<0.0001); B, 6-month cohort (p=0.0002); and C 8-month cohort (p<0.0001)); however, there were no differences between the genotypes at any age (see text for statistical tests). Test two was conducted after an additional four sessions of J o u r n a l P r e -p r o o f Journal Pre-proof training (D-F). All rats continued to press less under outcome-devalued conditions (D, 4-month cohort (p=0.0039); E, 6-month cohort (p<0.0001); F, 8-month cohort (p<0.0001)). DJ-1 KO rats also pressed less than the WT controls under the devalued condition at the 6-month time point (p=0.008) and under the valued condition at the 8-month time point (p=0.04). *Significantly different from WT under the same condition.
ChiSquare=0.41, df=1, p=0.52; devalued test, ChiSquare=3.65, df=1, p=0.06). In the 6-month cohort, there was no difference in responding under the valued condition between the WT and DJ-1 KO (valued test, ChiSquare=0.15, df=1, p=0.70, but the DJ-1 KO rats did press significantly less under the devalued condition at that time point (devalued test, ChiSquare=7.1, df=1, p=0.008). At the 8-month time point, the DJ-1 rats pressed less than the WT controls under valued (ChiSquare=4.3, df=1, p=0.04), but not devalued (ChiSquare=1.25, df=1, p=0.26), test conditions. Together, these results suggest that the acquisition of appetitive instrumental behavior and the formation of action-outcome associations guiding goal-directed behavior are not notably altered by loss of DJ-1 in rats over the ages examined. Whether habitual actions are slower to develop for DJ-1 rats remains to be determined, given that the WT rats did not transition to habitual control over behavior with the training schedule used in this study.
Characterization of DJ-1 KO dopamine and serotonin systems in dorsal striatum and prefrontal cortex
Brain sections containing the striatum or prefrontal cortex were processed for markers of dopamine and serotonin innervation and DA signaling. Specifically, DAT binding and ppt mRNA expression were measured in the dorsal striatum and SERT binding was measured in the prefrontal cortex.
DAT binding in dorsal striatum
DAT is highly expressed on dopaminergic nerve terminals, and DAT levels are decreased by partial DA loss induced by neurotoxins, such as methamphetamine (Barker-Haliski et al., 2012; Fricks-Gleason and Keefe, 2013; Friend and Keefe, 2013; Son et al., 2013) . We therefore assessed the level of striatal DAT binding as a measure of DA innervation of the dorsal striatum. Analysis of [I 125 ] RTI-55 binding to the DAT revealed no main effect of genotype in either the DMS (Fig. 4A, C; F=0 .0031, df=1,36, p=0.96) or DLS (Fig. 4B, C; F=0 .40, df=1,35, p=0.53) in the 4-and 6-month cohorts. For these two cohorts, there also was no significant effect of age (DMS, Fig. 4A there was no effect of genotype on RTI-55 binding in either the DMS or the DLS in the 8-month cohort (DMS: t ratio=0.72, df=16, p = 0.48; DLS: t ratio=0.05, df=16, p = 0.96; data not shown). While there were no effects of age or genotype on DAT binding, in all age cohorts, DAT binding was higher in the DLS compared to the DMS regardless of genotype, consistent with the known expression pattern of the DAT in dorsal striatum (Coulter et al., 1995) . Together, these results suggest that DA innervation of the dorsal striatum and its pattern across medial and lateral regions, as assessed by ligand binding to the DAT, appears to be intact in DJ-1 KO rats across the ages examined. TH is the rate-limiting enzyme in catecholamine biosynthesis, and, as such, contributes to DA levels and signaling. We therefore assessed TH levels in the striata of WT and DJ-1 KO rats. In the 4 and 6-month cohorts, TH levels in the DMS of DJ-1 KO rats did not significantly differ from those in WT controls (4 month: Fig. 5A, B ; t ratio= -0.432, df=18, p=0.67; 6 month: Fig. 5C , D; t ratio= -0.72, df=18, p=0.48). Similarly, TH levels in the DLS of DJ-1 KO rats were not statistically significantly different from those in WT rats (4 month: Fig. 5A, B ; t ratio= -2.04, df=18, p=0.06; 6 month: Fig. 5C, D; t ratio= -0.94, df=18, p=0.36). In the 8-month cohort, TH levels were significantly higher in both the DMS (Fig. 5E, F ; t ratio= -3.8, df=11.08, p=0.003) and DLS ( Fig. 5E, F ; t ratio= -2.13, df=16, p=0.048) of DJ-1 KO rats relative to WT controls. p=0.36) cohorts. In the 8-month cohort, a significant difference was seen between the two genotypes in both the DMS (E, F; p=0.003) and the DLS (E, F; p=0.048). *Significantly different from respective WT control.
Preprotachykinin mRNA expression in dorsal striatum
The expression of ppt mRNA has been shown to be up or down-regulated in response to increases (Steiner and Gerfen, 1993) or decreases (Nisenbaum, 1994; Nisenbaum et al., 1996) in DA signaling, respectively, and thus is an indicator of postsynaptic DA neurotransmission. We therefore assessed ppt mRNA expression to probe striatal DA signaling in DJ-1 KO and WT tissue. Two-factor ANOVA (age x genotype) on the data from the 4-and 6-month cohorts whose tissue was processed together revealed a main effect of genotype on ppt mRNA expression in both the DMS (F=14.85, df=1,36, p=0.0005) and DLS (F=8.09, df=1,36, p=0.007) of the 4 ( Fig. 6A, B ) and 6-month cohorts (Fig. 6C, D) , with the DJ-1 KO rats showing lower ppt mRNA expression in both regions of striatum. There also were significant genotype x age interactions in the DMS (F=5.65, df=1,36, p=0.02) and the DLS (F=3.97, df=1,36, p=0.05). Post-hoc analysis of the interactions indicated that the expression of ppt mRNA in both the DMS and DLS was significantly lower in the DJ-1 KO vs. the WT rats of the 4-month cohort (Fig. 6A, B ; DMS p=0.0005; DLS p=0.0082). In the tissue from the 8-month cohort, which was processed and analyzed separately, unpaired t-tests similarly revealed significantly lower ppt mRNA expression in the DMS (Fig. 6E, F; t ratio=4 .19, df=15, p=0.0008) and the DLS (Fig. 6E, F; Journal Pre-proof of genotype in both the DMS (p = 0.0005) and DLS (p = 0.007). There also were significant genotype x age interactions in the DMS (p=0.02) and the DLS (p=0.05). Post hoc analysis revealed that ppt mRNA expression in DJ-1 KO rats was significantly less than in WT rats in both the DMS and DLS of the 4-month cohort (*p<0.05). Analysis of tissue from the 8-month cohort (E, F) similarly revealed that ppt mRNA expression was lower in the DMS and DLS of DJ-1 KO rats. *Significantly different from respective WT control.
SERT binding in prefrontal cortex
Overall, there was a significant increase in SERT levels for DJ-1 KO rats compared to WT at 4 months, but not at 6 months of age (Fig. 7) . Specifically, in the prelimbic cortex (Fig. 7A, E) , there was no main effect of age (F=0.13, df=1,36, p=0.72), but there was a main effect of genotype (F=7.90, df=1,36, p=0.008) and a significant genotype x age interaction (F=10.74, df=1,36, p=0.002). Post-hoc analysis of the interaction revealed that SERT binding in the 4-month DJ-1 KO cohort was significantly greater than that in the 4-month WT cohort (p=0.0007). Similarly, in the orbitofrontal cortex ( Fig. 7B, E) , there was no main effect of age (F=1.78, df=1,36, p=0.19), but there was a main effect of genotype (F=19.08, df=1,36, p=0.0001) and a significant genotype x age interaction (F=11.61, df=1,36, p=0.002). Post-hoc analysis showed that SERT binding in the 4-month DJ-1 KO cohort was significantly greater than that in the 4-month WT cohort (p<0.0001) and that SERT binding in the 6-month WT cohort was significantly greater than that in the 4-month WT cohort (p=0.01). In the cingulate cortex (Fig. 7C, E) , there was no main effect of genotype (F=3.07, df=1,36, p=0.09) or age (F=0.65, df=1,36, p=0.43), but there was a significant genotype x age interaction (F=13.44, df=1,36, p=0.0008). Post hoc analysis again revealed that SERT binding in the 4-month DJ-1 KO cohort was greater than that in WT of the same age (p=0.003) and also that the binding was greater in the 6-month WT cohort relative to the 4-month WT cohort (p=0.02). Finally, in the infralimbic cortex ( Fig. 7D, E) , there was no main effect of age (F=0.45, df=1,36, p=0.51) and no significant interaction (F=3.75, df=1,36, p=0.06); however, there was a main effect for genotype (F=9.09, df=1,36, p=0.005) with greater SERT binding in the DJ-1 KO rats. In contrast, there were no genotype differences in any of the PFC regions in the 8-month cohort (Prelimbic: t ratio=0.64, df=17, p = 0.53; Orbitofrontal: t ratio=0.22, df=16, p = 0.83; Cingulate: t ratio=1.33, df=17, p = 0.20;
Infralimbic: t ratio=-0.87, df=15, p = 0.40; data not shown). These results suggest that SERT levels in the PFC are elevated in DJ-1 KO rats at earlier ages. in the prelimbic cortex of DJ-1 KO rats relative to WT controls in the 4-month cohort (*p<0.05). Analysis of SERT binding in orbitofrontal cortex (B) also revealed a significant main effect of genotype (p=0.0001) and a significant genotype x age interaction (p=0.008). Post-hoc analysis again revealed that SERT binding in the DJ-1 rats in the 4-month cohort was different than that in their age-matched WT controls (*p<0.007), and also revealed a significant difference between the 4-month and 6-month WT groups (+p<0.05). Analysis of SERT binding in the cingulate cortex (C) showed a significant genotype x age interaction (p=0.0008), with post -hoc analysis again revealing that SERT binding in the DJ-1 rats in the 4-month cohort was greater than that in their J o u r n a l P r e -p r o o f Journal Pre-proof WT controls (*p=0.003) and the binding in the WT controls of the 6-month cohort was greater than that of the WT controls in the 4-month cohort (+p=0.02). The analysis of SERT binding in the infralimbic cortex (D)
showed a main effect of genotype (p=0.005).
Discussion
To date, the exact function of DJ-1 is unknown. It has, however, been widely recognized to have neuroprotective functions and participate in mitochondrial homeostasis as a sensor of oxidative stress (for review, see Ariga et al. 2013) . A large deletion and missense mutation in DJ-1 (PARK7, chromosome 1p36), was first identified in Italian and Dutch families with autosomal recessive PD . Since then, DJ-1 mutations have become the second most common identifiable genetic PD etiology after Parkin mutations (Lev et al., 2006) . To model the net loss of function in DJ-1 observed in these patients, DJ-1 KO mouse and rat models have been developed. DJ-1 KO rats have previously been reported to display progressive nigrostriatal degeneration, early motor impairments, and evidence of altered striatal dopamine and serotonin transmission (Dave et al., 2014; Sun et al., 2013) . The objective of the present study was to further characterize the behavior and neurochemistry of the DJ-1 KO rat.
This study confirms previous observations that DJ-1 KO rats exhibit early motor impairments and have intact dopaminergic nigrostriatal terminals at 4 to 8 months of age (Dave et al., 2014; Sun et al., 2013) . The present data extends these findings by further characterizing behavioral functions, as well as associated dopamine and serotonin systems, in the DJ-1 KO rat. First, it provides novel observations that DJ-1 KO rats display lower levels of anxiety than WT controls in the light-dark box test. Further, the data show that DJ-1 KO rats have intact action-outcome control over appetitive instrumental behavior. These are the first accounts of assessments of anxiety and instrumental behavior in a genetic rat model of PD to date, to our knowledge.
Second, the present results demonstrate that the DJ-1 KO mutation in rats does not affect DAT levels in dorsal striatum, whereas SERT levels in the PFC are increased at younger ages. Lastly, the present data are the first to show a decrease in ppt mRNA expression in the dorsal striata of DJ-1 KO rats, suggesting the possibility that DA signaling in the dorsal striatum is decreased in the young DJ-1 KO rat, despite normal levels of DAT.
Together, these data provide a more comprehensive profile of the behavioral and dopamine and serotonin systems in the DJ-1 KO rat model of PD and suggest avenues for future research.
Decreased exploratory behavior, impaired motor coordination, and low anxiety in the DJ-1 KO rat
DJ-1 KO rats exhibited impairments in striatally-mediated motor coordination and behavior across all ages examined. We replicated the previous finding by Dave et al. (2014) and Kyser et al (2019) that DJ-1 KO rats rear less frequently in the open field than their WT counterparts. Together, these findings suggest that DJ-1 KO rats display low levels of exploration. We also found that DJ-1 KO rats, regardless of age, made more hindpaw, but not forepaw, slips than WT controls on the ledged tapered balance beam. These findings stand in contrast to reports from other groups in which no forepaw or hindpaw impairments (Dave et al., 2014) and no overall foot faults (Yang et al., 2018) were reported. The basis for this discrepancy is not apparent, however, J o u r n a l P r e -p r o o f Journal Pre-proof additional evidence in the literature suggests some possible explanations. One possible reason for this discrepancy with the work of Dave and colleagues is that they positioned the beam at a 17° horizontal incline from the wide to narrow end of the beam, whereas the present study kept the entire beam at 0° horizontal. As an inclined beam shifts a portion of the rat's weight from the forepaws to the hindpaws, it may have masked subtle impairments by affecting sensorimotor integration. Second, a recent study reported that DJ-1 KO rats take more adjusting steps than WT controls at 4 and 7 months of age, indicative of postural instability in the DJ-1 KO rats (Kyser et al., 2019) . Furthermore, this study also reported that DJ-1 KO rats take more forepaw, but not hindpaw, steps on a spontaneous activity task at 4 and 7 months of age. It is therefore conceivable that this natural tendency of DJ-1 KO rats to take more forepaw, but not hindpaw, steps could have influenced DJ-1 KO performance on the tapered balance beam in the present study, whereby increased forepaw steps aided in maintaining normal forepaw performance on this task, whereas hindpaw performance was impaired. Future studies are needed to determine if beam incline or other sensory manipulations affect motor coordination in the DJ-1 KO rat model and further examine varied aspects of gait performance that might influence the number of foot faults that the rats make on the tapered balance beam task.
DJ-1 KO rats demonstrated less anxiety-like behavior than WT controls, as evidenced by spending less time in the dark compartment than the light compartment in the light-dark box anxiety task. These findings stand in contrast to those of a recent study that reported no difference in anxiety-like behavior between DJ-1 KO and WT rats in the elevated plus-maze at 4, 7, and 17 months of age, although there was a trend for decreased anxiety in DJ-1 KO rats at 17 months of age (Kyser et al., 2019) . Given that these different tests of anxiety/emotional behavior assess different, while still unclear, aspects of anxiety/emotionality (Ramos, 2008) , it is not surprising that they yield different results. Further, together these observations of decreased or unaffected levels of anxiety-like behavior are both unexpected, as the majority of PD patients with DJ-1 loss of function mutations report anxiety symptoms, including anxiety that preceded PD pathology, generalized anxiety and panic attacks (Abou-Sleiman et al., 2003) . The presence of anxiety symptoms also varies across patients with idiopathic PD, with reports ranging from 5% (Lauterbach et al., 2003) to 69% (Kulisevsky et al., 2008; Ohno et al., 2015) ; however, to the best of our knowledge, no study has reported decreased anxiety in PD patients. Together, the variability in measures of anxiety across studies of animal models and patients with PD suggest that a comprehensive evaluation of anxiety/emotional behavior with a multitude of tests on the same population will be necessary to dissect the particular aspects of emotional regulation affected by genetic mutations underlying Parkinsonism at different ages.
Intact appetitive goal-directed control over instrumental behavior in the DJ-1 KO rat
DJ-1 KO rats exhibited intact appetitive goal-directed control over instrumental actions. This finding is consistent with observations that goal-directed control over behavior is not impaired in PD patients ( instrumental behavior also is apparent in other animal models of partial DA and 5-HT loss; that is, methamphetamine-induced monoamine damage (Son et al., 2011) and 6-hydroxydopamine-induced damage of the nigrostriatal DA pathway (Faure et al., 2005) . Consistent with this other literature, the ~50% loss of SNpc DA neurons in 8 month-old DJ-1 KO rats, reported previously by Dave and colleagues (Dave et al., 2014) ,
does not appear to be enough to result in deficits in goal-directed control over operant behavior in the present study.
Goal-directed control over behavior is initially utilized in learning an instrumental action and involves intentional effort and attention. Repeated training and practice, however, leads to the automatization of this action, which allows cognitive resources to be used for other immediate cognitive tasks (Dalley et al., 2004; Redgrave et al., 2010) . The ability to automate behavior is impaired in PD patients (Hadj-Bouziane et al., 2013; Redgrave et al., 2010) (but see (De Wit et al., 2011) , rendering simple daily behaviors under goal-directed control, which requires more intentional effort and cognitive resources to perform (Dalley et al., 2004) . This particular impairment in automated control is considered to arise from the profile of progressive DA degeneration in PD,
where the caudal putamen (primate homologue to the rodent DLS), which mediates automated control, is affected before the caudate nucleus/rostral putamen (homologue to the DMS), which mediates goal-directed control (Hadj-Bouziane et al., 2013; Redgrave et al., 2010) . Supporting this claim, rats with partial DA loss induced by methamphetamine do not transition to automated control over instrumental behavior (Son et al., 2011) . Therefore, we intended to assess whether DJ-1 KO rats are impaired in the development of habitual control over behavior. Unfortunately, in the present study, the WT controls across all age cohorts did not transition to automated control over instrumental behavior, preventing us from achieving our objective.
Therefore, additional studies with a modified schedule of reinforcement that induces transition to habitual control over behavior in the WT rats will be necessary to determine whether the DJ-1 KO rat shows deficits in automation of instrumental behavior, as observed in PD patients. The ability of the DJ-1 KO rats to acquire goal-directed control over instrumental behavior, however, opens the door to using these rats in more sophisticated behavioral tasks to assess the integrity of the development of the underlying associations that mediate instrumental behavior.
Dopamine and serotonin systems in the DJ-1 KO rat
In the present study, DAT binding in the dorsal striatum of the DJ-1 KO rats did not differ from that in the WT rats in any of the examined age cohorts, suggesting that nigrostriatal termini are apparently structurally intact across these ages and functionally intact with respect to DAT binding. Similar conclusions were reached based on measurements of tyrosine hydroxylase staining and DAT binding (Dave et al., 2014; Sun et al., 2013) , thus replicating this unique phenotype of intact DA terminal markers in these rats. The present study has expanded on these findings through the observation that DAT binding was higher in the DLS than the DMS in all age cohorts of DJ-1 KO and WT rats. This suggests that the pattern of nigrostriatal innervation of the striatum is also intact, as there is known to be greater DAT binding in the DLS vs. the DMS in healthy tissue (Coulter et al., 1995) . Together, these results suggest that nigrostriatal innervation is not affected by the loss of DJ-1 in rats at J o u r n a l P r e -p r o o f Journal Pre-proof the ages examined, although the number of TH-positive neurons in the substania nigra pars compacta is reported to be significantly decreased in 8-month old DJ-1 KO rats relative to WT controls (Dave et al., 2014) .
Given that rats at 7-8 months of age may be equivalent to humans at approximately 20 years of age based on musculoskeletal maturity (Sengupta, 2013) , this pattern of partial DA cell body loss without evidence for terminal degeneration at 8 months may suggest that DJ-1 KO rats at 8 months of age model the very earliest stages of DA pathology due to disruption of DJ-1 function, as the average age of onset in DJ-1 patients is in the early-mid 30s Hague et al., 2003) . Together, these findings indicate that future studies will need to focus on rats greater than 8 months of age to assess the progression and consequences of DA neuron degeneration as a consequence of loss of DJ-1 function.
While DA terminal innervation of the striatum appears to be normal over the ages examined to date, other findings suggest that the function of striatal dopamine terminals may be altered. to be normal over the ages examined to date, the function of striatal dopamine terminals may be altered. First, we observed that TH levels were significantly higher in the DMS and DLS of DJ-1 KO rats relative to WT controls in the 8-month cohort.
Only two previous studies have assessed TH levels in the striatum of DJ-1 KO mice and rats (Dave et al., 2014; Pham et al., 2010) ; those studies have reported no significant effects of genotype, although only the Pham et al study presented data on TH staining in striatum. Interestingly, as in our 4-and 6-month cohorts, the data of Pham et al. (2010) show slightly greater, alebit not statistically significant, TH levels in the striata of the DJ-1 KO mice. Given that TH is the rate-limiting enzyme of catecholamine biosynthesis, it is possible that the increased TH expression observed in the present study contributes to the increased DA tissue content previously reported in the striatum of 8-month old DJ-1 KO rats (Dave et al., 2014) . Second, VMAT2 mRNA expression in whole brain was reported to be mildly, but not statistically, decreased in DJ-1 KO rats at ~4 months, and VMAT2 binding increased in DJ-1 KO rats at 8 months (Sun et al., 2013) . Increased VMAT-2 expression has been associated with increased vesicular storage of DA, increased DA tissue content, and increased DA release (Lohr et al., 2014) , possibly linking the increased VMAT 2 levels and increased tissue DA levels previously reported in the DJ-1 KO rats at 8 months of age (Dave et al., 2014) . Third, DJ-1 itself has been shown to influence catecholamine homeostasis and may contribute to alterations in striatal DA release and reuptake observed in DJ-1 KO rodents. For example, intracellular DA and norepinephrine (NE) levels are increased in neuroblastoma cells with knockdown of DJ-1 (Piston et al., 2017) . Finally, DJ-1 KO mice display increased DA reuptake related to enhanced DAT activity and deficient DA-2 receptor signaling despite no overt DA loss (Goldberg et al., 2005) . Together, these findings suggest that there may be dynamic alterations in DA terminal function resulting in altered DA signaling prior to apparent DA terminal degeneration.
Of relevance to these considerations is a recent publication which reported no changes in basal or potassiumevoked DA release, as assessed by in vivo microdialysis, in the striata of DJ-1 KO rats from 4-12 months of age (Creed et al., 2019) . However, microdialysis is thought to assess dopaminergic tone, a steady-state, basal level of extracellular DA generated by low-frequency (5 Hz) firing and integral to motor functioning (Schultz, 2007a (Schultz, , 2007b . Compensatory maintenance of tonic DA signaling has been reported in the 6-hydroxydopamine J o u r n a l P r e -p r o o f Journal Pre-proof (6-OHDA)-lesioned rat model of Parkinson's disease ) across a wide range of striatal DA depletion (0%-80%) Robinson et al., 1994) . Importantly, however, partial (< 80%) DA lesions of the rat striatum, which would mimic the preclinical phase of Parkinson's disease, selectively reduce phasic DA signaling (Bergstrom and Garris, 2003; Garris et al., 1997; Howard et al., 2013 Howard et al., , 2011 . This selective impairment in the amplitude of the phasic DA signal appears coincident with a functional reorganization of the presynaptic terminal that sustains release in response to greater stimulation, such as that evoked by elevated potassium (Bergstrom et al., 2011) . Future studies assessing parameters of phasic and tonic DA signaling via in vivo voltammetry at early vs. later ages in the DJ-1 KO rats will be necessary to fully understand the impact of DJ-1 KO on nigrostriatal DA neuron function.
In addition to measuring DA release directly, another way to assess the integrity of presynaptic DA neuron function in the DJ-1 KO model is to examine post-synaptic functions known to be sensitive to changes in DA signaling. Previous studies have shown that ppt mRNA expression tracks both increases (Steiner and Gerfen, 1993) and decreases (Nisenbaum, 1994; Nisenbaum et al., 1996) in DA release and D1 receptor activation in striatal efferent neurons of the "direct" pathway. Further, partial damage to striatal DA terminals induced by intranigral infusion of 6-hydroxydopamine (Nisenbaum et al., 1996) or systemic administration of methamphetamine (Chapman et al., 2001) disrupts ppt mRNA expression in the striatum. We therefore examined ppt mRNA expression in DJ-1 KO rats across the different ages as an index of changes in DA signaling in dorsal striatum. We observed significant effects of genotype across 4-6 months, as well as a difference between DJ-1 and WT controls at 8 months, indicating that ppt mRNA expression is decreased in the dorsal striatum of DJ-1 KO rats relative to WT controls across the ages examined. The present results suggest that DA signaling in the direct pathway is altered in the DJ-1 KO rat and, to our knowledge, provides the first assessment of direct pathway functioning in a genetic rat model of PD. These observations further suggest that a deficit in dopamine signaling, in particular phasic DA signaling, may be present even at early time points in the DJ-1 KO rats. Clearly, greater interrogation of the function of striatal DA terminals, as well as examination of DA signaling onto striatal efferent neurons, is necessary to fully elucidate changes associated with the progression of the pathology associated with DJ-1 KO in the rat. Such studies might provide insights into potential biomarkers that could be useful in identifying individuals at the "preclinical," early phase of PD.
Serotonin neuron degeneration and dysfunction are observed in PD patients and neurotoxic animal models and are associated with cognitive impairments and mood disturbances (Fox et al., 2009; Horstink et al., 2006; Son et al., 2013) . The present data are the first to demonstrate changes in serotonin systems in the prefrontal cortex of DJ-1 KO rats. Specifically, the data indicate that SERT binding is elevated in the cingulate, prelimbic, infralimbic, and orbitofrontal cortices of DJ-1 KO rats relative to WT rats at the 4-month, but not the 6 and 8month, time point. These results are consistent with observations that prefrontal SERT levels are increased in early PD (Strecker et al., 2011) , but decreased in patients with mid-late stage PD in vivo (Politis and Niccolini, 2015) and in postmortem PD tissue (Guttman et al., 2007) . Examination of DJ-1 KO rats in later stages of the disease may therefore reveal a decrease in SERT levels in the PFC. As the present study only assessed J o u r n a l P r e -p r o o f Journal Pre-proof ligand binding to SERT, the factors underlying the observed changes, such as increased SERT expression, increased membrane insertion and/or trafficking, or altered SERT activity, remain to be determined. Future studies are therefore needed to assess SERT expression and function in DJ-1 KO rats to further elucidate the changes in the prefrontal serotonin system in this model of PD.
There are several possible behavioral and cognitive ramifications of increased SERT binding in DJ-1 KO rats.
First, the prefrontal serotoninergic system is associated with depression, which is a common symptom in PD patients, but has not been assessed or reported in DJ-1 patients. Increased SERT binding has also been observed in PD patients with untreated depression (Boileau et al., 2008) . Together with the present SERT data, these findings suggest that DJ-1 KO rats may exhibit early signs of depression; however, depression has not been assessed in DJ-1 KO rats or mice, to our knowledge. Second, impairments in the prefrontal serotonin system are associated with anxiety (Albert et al., 2014) ; however, we did not find a correlation between prefrontal SERT binding and anxiety behavior in the light-dark box anxiety test in both WT and DJ-1 KO rats (data not shown). Whether such binding would correlate with measures on other tests of anxiety/emotional behavior remains to be determined. Third, the degree of SERT binding in the PFC is negatively correlated with perseverative behavior in rats (Son et al., 2013) , consistent with a large body of work implicating the prefrontal cortex (e.g., Joel, Doljansky, & Schiller, 2005; Schilman, Klavir, Winter, Sohr, & Joel, 2010) and serotonin systems (Harrison et al., 1997; Winstanley et al., 2003) in inhibitory control over behavior. Thus, future studies assessing inhibitory control over behavior and other aspects of prefrontal cortical function will be necessary to shed light on the larger DJ-1 KO behavioral phenotype.
In addition to the dopamine and serotonin systems, there are robust disruptions within the NE system that significantly contribute to PD pathology (for review, see Delaville et al., 2011; Rommelfanger and Weinshenker, 2007) . Given the profuse projections of the locus coeruleus (LC) adrenergic system to the prefrontal cortex, striatum, hippocampus, thalamus, and pontine tegmentum, its pathology has far-reaching effects on PD symptomology (Espay et al., 2014) . Indeed, disruptions in central NE is associated with motor and non-motor symptoms of PD, such as postural instability gait-disorder, depression, apathy, sleep disturbance, as well as impairments in attention and executive function (Espay et al., 2014; Vazey and Aston-Jones, 2012) . Due to technical and personnel limitations, the present study did not assess NE systems. However, a decrease in TH-positive cells in the LC of 8 month-old DJ-1 KO rats, has been reported by Yang and colleagues, which negatively correlates with deficits tongue force oromotor functions (Yang et al., 2018) . In addition, decreased TH-positive LC neurons and associated oromotor deficits are apparent in Pink1 KO rats, another protein involved in mitochondrial homeostasis, which implicates NE dysfunction in genetic cases of PD (Grant et al., 2015) . Taken together, the NE system regulates several aspects of brain function, and, when disrupted in PD, has far-reaching and robust effects on PD pathology. It is therefore imperative that J o u r n a l P r e -p r o o f Journal Pre-proof future studies investigate the integrity and function of the NE system in PD in order to obtain a comprehensive understanding of DJ-1 KO pathology.
In conclusion, the present findings of age-dependent impairments in behavioral functioning, striatal DA signaling, and the frontal cortex serotonin system provide a more comprehensive profile of the DJ-1 KO rat. Future studies on early striatal DA system function, neurochemical compensatory mechanisms, and behavioral function in later stages of disease progression will further unravel the unique DJ-1 KO rat phenotype and contribute to the identification of novel therapeutic targets for cases of inherited PD.
Declarations of interest: None
